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Replication-competent retrovirus (RCR) was identified in a GP1envAM12-derived producer cell, containing the MFG-S-Neo
retroviral vector, using a marker rescue assay. Studies were undertaken to determine the origin and structure of this RCR.
Receptor interference assays demonstrated that the virus was pseudotyped with an ecotropic envelope. Molecular analysis
demonstrated the presence of a MoMLV ecotropic env recombinant where the neomycin resistance gene of the MFG-S-Neo
vector was replaced by MoMLV ecotropic env. Additional recombinants linking the retroviral pol gene to neo and the neo gene
to MoMLV env were also identified. A full-length MoMLV retroviral genome was detected by nested PCR in the contaminated
amphotropic producer cells and in cells infected with its supernatant. Unexpectedly, this was also present in the GP1E86
packaging cells together with a previously undescribed envelope construct possessing a full 59 and 39 LTR, although these
cells were consistently negative for the presence of RCR. These anomalies in the GP1E86 packaging cell line result in
increased homology with the MFG-S-Neo vector, leading to an increased risk for the production of RCR. Our findings point
to a need for increased vigilance when using these packaging lines to generate replication-defective retrovirus. © 2000
Academic PressINTRODUCTION
Retroviral vectors are widely used both in vitro and in
vivo for the transfer of exogenous genes to a host cell.
Most vectors have been developed from murine retrovi-
ruses and are designed to be replication incompetent
(Miller and Rosman, 1989). Third-generation packaging
cell lines contain the coding sequences for retroviral
structural and enzymatic proteins split between two
helper constructs (Markowitz et al., 1988a, b). Following
the introduction of the retroviral vector into the packaging
cell line, these cells produce replication-defective retro-
viral particles. Unfortunately, despite deletion of the
packaging signal from the retroviral helper genomes,
residual packaging can occur at a low level (Girod et al.,
1995; Cosset et al., 1995). This leads to the possibility of
recombination between the transcomplementing ge-
nomes and the retroviral vector during reverse transcrip-
tion and integration of unwanted retroviral elements in
the target cell (Girod et al., 1996). Recombination be-
tween these elements can also result in the production
of replication-competent retrovirus (Chong and Vile,
1996; Chong et al., 1998; Cosset et al., 1993).
The MFG-S-Neo retroviral vector used in our study is
based on the Moloney murine leukemia virus (MoMLV;
Figs. 1A and 1D). The 3.4-kb integrated provirus contain-
ing the neo gene harbors approximately 2.5 kb of MoMLV1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 144-181-742-9335. E-mail: jmelo@rpms.ac.uk.
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17sequences (Kim et al., 1998). Consequently, this results
in considerable homology with the packaging constructs
present in third-generation packaging cell lines based
also on MoMLV (Figs. 1B and 1C) (Markowitz et al.,
1988a, b). We generated an amphotropic producer line in
two stages. First, the GP1E86 ecotropic packaging cell
line was transfected with MFG-S-Neo. Then supernatant
from the highest titer ecotropic producer clone was used
to infect the GP1envAM12 amphotropic packaging cell
line. RCR was discovered following screening of the
GP1envAM12/MFG-S-Neo producer cell line using a
marker rescue assay. The presence of contaminating
RCR was demonstrated by rescue of the neo gene from
NIH3T3 cells harboring either a neo or lacZ provirus. As
there has been only one other report of such an event
occurring when a retroviral vector was used in conjunc-
tion with the murine retroviral-based third-generation
packaging cell line GP1envAM12 (Chong and Vile, 1996;
Chong et al., 1998), we decided to investigate the origin
of this RCR.
Unexpectedly, initial receptor interference assays sug-
gested that the RCR expressed an ecotropic envelope
and this was confirmed by the lack of proviral transfer to
human cell lines, such as HeLa or 293 cells. However,
the batch of ecotropic supernatant used to generate this
contaminated amphotropic producer line was free from
RCR on three separate occasions. Extensive PCR and
sequence analyses of infected NIH3T3 cells demon-
strated the presence of an ecotropic env recombinant
virus, which probably arose by recombination between
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171RCR IN A GP1envAM12-DERIVED PRODUCER CELL LINEthe env gene from the packaging construct in the
P1E86 packaging cell line and the MFG-S-Neo vector.
he complex evolution of this RCR appears to have
nvolved a number of separate recombination events,
ncluding recombination between the neo gene and ei-
her pol or env. Further scrutiny of the GP1E86 packag-
ing cell line identified recombination between the pack-
aging constructs, the presence of complete 59 and 39
long terminal repeat (LTR) sequences, in addition to the
presence of a previously undescribed ecotropic enve-
lope construct.
RESULTS AND DISCUSSION
A replicating retrovirus was detected in a
GP1envAM12-based retroviral producer line generated
in our laboratory using the MFG-S-Neo retroviral vector.
FIG. 1. (A) Diagram of wild-type MoMLV indicating the 59 and 39 LT
ilobases gives approximate size of each region. Numbering in italics re
estriction sites important in the construction of the pgag-polgpt and p
n the characterization of the RCR are represented according to their l
n request. (B) Diagram of the pgag-polgpt construct present in both GP
f this construct. Dotted line before gpt gene represents non-MoMLV s
t al., 1988a). (D) Diagram of MFG-S-Neo indicating overlapping region
ashed lines indicate MoMLV regions eliminated from these constru
oMLV nucleotides 5777–5834.This surprising and seemingly rare result was investi-
gated further to determine the cause and origin of theRCR. All of the tools used to generate replication-defec-
tive retroviruses, e.g., the packaging cell lines and vec-
tors, were obtained directly from the original sources via
material transfer agreements. As our laboratory has
never worked with wild-type retroviruses, it is highly
improbable that the RCR detected in our study occurred
as a result of contamination with wild-type virus. In sup-
port of this, all of the cell lines and retroviral producer cell
lines used routinely in our laboratory tested negative for
the presence of RCR (results not shown). A brief sum-
mary of the different stages in the generation of the
amphotropic producer cell line, together with the recom-
binants detected are represented in Fig. 2.
Detection of replication-competent retrovirus
The amphotropic retroviral producer clone MA109 was
ackaging signal, and the structural genes gag, pol, and env. Scale in
the start and end of the gag, pol, and env regions (Shinnick et al., 1981).
ckaging constructs present in GP1E86 are also shown. Primers used
in the MoMLV genome. The sequences of the primers are available
M12 and GP1E86. Refer to Markowitz et al. (1988a) for a full description
es. (C) Diagram of the penv construct present in GP1E86 (Markowitz
mology with MoMLV. The size of Neo in base pairs (bp) is indicated.
l/env corresponds to the overlapping coding regions of these genes,Rs, c p
fers to
env pa
ocation
1envA
equenc
s of hogenerated as described under Materials and Methods.
Routine screening of supernatant from this clone using a
in MA1
eferred
172 GARRETT ET AL.marker rescue assay revealed the presence of a virus
that could replicate and rescue provirus from either
NIH3T3-neo or NIH3T3-lacZ cells (Fig. 2). Due to the
unexpected nature of this result, the assay was repeated
on six separate occasions using different batches of
MA109 supernatant, with the same result. In addition,
infection of virgin NIH3T3 cells with primary and second-
ary MA109 supernatant resulted in mobilization of the
MFG-S-Neo provirus. Control supernatants from NIH3T3
cells and NIH3T3-neo cells were used in each assay and
were consistently negative. Supernatants from the orig-
inal packaging cell lines GP1E86 and GP1envAM12
were tested also on two separate occasions and proved
negative.
To ascertain the original source of the RCR, it was
necessary to screen ME25, the ecotropic producer cell
line used to generate MA109. ME25 tested negative for
helper virus on three separate occasions. Two other
GP1E86/MFG-S-Neo producer cell lines that were
cloned during the same period as ME25 also proved
negative in this assay. In addition, three other
GP1envAM12/MFG-S-Neo producer clones (MA108,
MA54, MA78), one of which was generated using ME25
and the other two that originated from an earlier
GP1E86/MFG-S-Neo clone, were positive for the pres-
ence of helper virus in their supernatants.
Characterization of the tropism of the RCR
FIG. 2. Summary of the events leading to the production of RCR
recombinants were detected and these are represented in italics as rMA109 secondary supernatants were used to infect
human cell lines, such as HeLa and 293 cells. Neitherthe lacZ nor the neo genes were transferable to these
cells. This result indicates that although the RCR is
present in the amphotropic producer line, it did not har-
bor the amphotropic envelope gene. Receptor interfer-
ence assays were carried out to determine the tropism of
the retrovirus (Sommerfelt and Weiss, 1990). MA109 sec-
ondary supernatants from NIH3T3-neo and NIH3T3-lacZ
cells were used to infect NIH3T3 cells and GP1E86 and
GP1envAM12 packaging cell lines. The lacZ and neo
genes were efficiently rescued and transferred to both
NIH3T3 cells and GP1envAM12 cells. In contrast, there
was approximately a three- to sixfold lower transfer of
these genes to the ecotropic packaging line GP1E86,
presumably due to receptor interference between the
RCR and these cells. This result corroborates the phe-
nomenon observed earlier with HeLa and 293 cells and
suggests that the marker genes were being transferred
by a RCR that harbors an ecotropic envelope.
Characterization of RCR recombinants
Env recombinant. Initially we confirmed the identity of
our packaging cells as GP1E86 and GP1envAM12, by
PCR amplification of specific sequences in the packag-
ing constructs, as described by Chong and Vile (1996),
and by their ability to survive in the appropriate selective
media. Primers RV152 and RV153 yielded a 1.5-kb frag-
ment, as expected in both types of packaging cell lines,
indicating the presence of the pgag-polgpt construct
09 and in cells infected with its supernatant. A number of different
to in the text.(results not shown).
Primers RV150 and ERV32 confirmed the presence of
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173RCR IN A GP1envAM12-DERIVED PRODUCER CELL LINEthe envelope constructs in GP1E86 and GP1envAM12,
ielding a 750-bp band as anticipated in GP1envAM12
nd in the MA109 producer cell and a smaller band of the
xpected size in GP1E86 cells (Fig. 3A). However, un-
xpectedly an additional 1.5-kb band was also obtained
n MA109 and in cells infected with its supernatant (Figs.
A and 3B). As ERV32 was designed to eliminate any
omology with the MoMLV sequences present in MFG-
-Neo, this 1.5-kb band was suspected to represent part
f a retroviral recombinant. Cloning and sequencing of
his product revealed homology with the 59 region of
FG-S-Neo, which is very similar to the 59 region of the
env construct of GP1E86. This region of homology
orresponds to the 39 of pol and extends to the ATG start
odon of env (Fig. 1). On closer examination a number of
mall differences between the two sequences were
dentified and it is possible to speculate that the viral
everse transcriptase enzyme switched template some-
here between MoMLV nucleotides 5407 and 5712, to
enerate this recombinant (Fig. 4A).
The constructs in GP1E86 and GP1envAM12 were
esigned so that neither possessed a full 39 MoMLV LTR.
owever, the penv construct of GP1E86 contains ap-
roximately 70 bp at the end of env and the start of the 39
TR corresponding to MoMLV nucleotides 7775–7846
Markowitz et al., 1998a). Therefore, to elucidate the rest
f this recombinant, PCR analysis was carried out using
V152 and ERV12, revealing the presence of a 39 LTR in
MA109 and cells infected with its supernatant (Fig. 3C).
Sequence analysis revealed complete homology with the
ecotropic envelope gene of MoMLV and its 39 LTR. These
results suggested the presence of a recombinant virus
very similar to the MFG-S-Neo vector, where the Neo
FIG. 3. (A) Genomic DNA PCR using primers RV150 and ERV32 to ve
1996). Lane 1, pEMBL-Taq; lane 2, GP1E86; lane 3, ME25; lane 4, GP
primers RV150 and ERV32. Lane 1, pEMBL-Taq; lane 2, NIH3T3-Neo;
nfected with MA109 supernatant; lanes 5 and 6, NIH3T3 infected with
NA using primers RV152 and ERV12. Lane 1, pEMBL-Taq; lane 2, NIH3
lane 7, NIH3T3-Neo; lane 8, NIH3T3-Neo infected with MA109 supernagene was replaced with the MoMLV env gene (Fig. 4A).
Additional PCR analysis was carried out to confirm this
r
(structure using primers ERV51 and ERV42 (results not
shown), and a positive signal was obtained in cells
infected with the contaminated supernatant. The struc-
ture of this recombinant was confirmed further by RT–
PCR (results not shown).
MFG-S-Neo contains almost 100 bp of the 39 region of
he ecotropic envelope gene preceding its MoMLV 39
TR. In total there is 170 bp of homology between the 39
nds of MFG-S-Neo and penv. It seems likely that this
nv recombinant arose due to copackaging of the penv
ranscript with the MFG-S-Neo c1 transcript, with sub-
equent template switching occurring during reverse
ranscription, resulting in a heterozygous virion. The ge-
etic consequences of packaging two RNA genomes in
ne retroviral particle have been reported to result in a
igh rate of recombination during reverse transcription
Hu and Temin, 1990). As was suggested by Cosset et al.
1993), the copackaging of c1 vector RNA with RNA that
as been deleted of its packaging signals seems to be a
rerequisite for the generation of RCR. This occurs more
requently if there is a lot of c1 RNA present (Cosset et
l., 1993). In support of this, analysis of the MFG-S-Neo
opy number in producer clone ME25 revealed five inte-
rations of the vector following transfection (results not
hown).
As this env recombinant alone was not fully replication
competent, the search continued for a replication-com-
petent retroviral recombinant. Southern and Northern
analysis confirmed the presence of the env recombinant
sing a 1.2-kb ecotropic envelope probe (Figs. 5A and
D). A number of larger bands were also visible by
orthern analysis which possibly correspond to other
ecombinants, one of which may be a full-length retrovi-
presence of penv and penvAM packaging constructs (Chong and Vile,
M12; lane 5, MA109; lane 6, PCR blank. (B) Genomic DNA PCR using
, NIH3T3-Neo infected with MA109 supernatant; lane 4, NIH3T3-lacZ
supernatant; lane 7, MA109; lane 8, PCR blank. (C) PCR on genomic
; lane 3, GP1E86; lane 4, ME25; lane 5, GP1envAM12; lane 6, MA109;
ne 9, NIH3T3 infected with MA109 supernatant; lane 10, PCR blank.rify the
1envA
lane 3
MA109us. These bands were also present using a 59 LTR probe
results not shown). In addition, although the RCR iden-
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174 GARRETT ET AL.tified in our amphotropic producer cell line harbors an
ecotropic envelope, there is also some evidence that
retroviral particles present in the primary supernatant,
pseudotyped with an amphotropic envelope, packaged
and transferred the MoMLV env to the human-based
packaging cell line FLYRD18 (Figs. 5A, lane 8, and 5D,
lane 9).
Further Southern analysis using different regions of
MoMLV as probes were inconclusive due to the back-
ground hybridization observed in the NIH3T3 cells. Some
of this background is also visible using the MoMLV env
probe (Fig. 5D, lane 1), but did not obscure the bands of
interest.
Neo recombinants. RT–PCR and PCR on genomic DNA
ere used as tools to characterize the RCR further. A
umber of unusual recombinants were detected, one of
hese involving recombination between the pol/env over-
lap sequences present in the packaging constructs of
both GP1E86 and GP1envAM12 and the homologous
pol sequences present in MFG-S-Neo. RT–PCR analysis
using primers ERV61 and ERV12 was carried out to
establish the presence of a contiguous pol-env-39 LTR
sequence. MA109 and NIH3T3 cells infected with its
supernatant yielded a positive result, although the band
FIG. 4. (A) Structure of ecotropic env recombinant. Differences betwee
contains a mix of both sequences, suggesting that the reverse transcr
contains the ecotropic envelope. Numbering refers to the position in M
of pol-Neo recombinant was confirmed by sequence analysis of the ERV
primers RV150 or ERV51 and ERV82 demonstrated the presence of
recombinants which were confirmed by RT–PCR and sequence analysi
where template switching by the reverse transcriptase enzyme occurrwas smaller than the expected size of 4.8 kb. Cloning
and partial sequencing of this product revealed that the
i
(pol gene was linked to the neo gene and a 39 LTR (Fig.
4B). This PCR result was also confirmed using genomic
DNA templates. An overlapping fragment of approxi-
mately 4 kb was amplified using primers RV150 and
ERV82, suggesting the presence of a structure similar to
full-length RCR but where the env gene was replaced
y neo, resulting in a LTR-gag-pol-neo-LTR recombinant
Fig. 4B).
A recent report has demonstrated that retroviral re-
ombination exhibits high negative interference (Hu et
l., 1997), that is, selection of cells for one recombination
vent dramatically increases the probability that a sec-
nd recombination event is observed. In our case we
dentified and partially characterized two other recombi-
ants where neo was linked in this instance to env (Fig.
C). RT–PCR of RCR-infected cells using primers JNE11,
primer in the middle of the neo gene, and ERV42,
resent in the MoMLV env gene, revealed two bands of
30 and 150 bp. Sequence analysis of both products
evealed very short regions of homology of 7 and 11 bp,
espectively, where recombination had occurred be-
ween these two genes. Similar events have been doc-
mented previously where short segments of nucleotide
equences of MoMLV and MFG-S-Neo are underlined. The recombinant
switched template from MFG-S-Neo to the MoMLV-based penv which
sequence (Shinnick et al., 1981). SA, splice acceptor site. (B) Structure
V12 RT–PCR product. An overlapping fragment generated by PCR using
egion encompassing gag and pol. (C) Partial structure of Neo-env
rlined nucleotides indicate regions of homology between Neo and envn the s
iptase
oMLV
61–ER
a 59 rdentity have resulted in homologous recombination
Chong et al., 1998; Otto et al., 1994).
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175RCR IN A GP1envAM12-DERIVED PRODUCER CELL LINEPol-Env recombinant. To determine a classic retroviral-
like structure of pol linked to env, PCR analysis was
carried out using a number of different combinations of
primers, with each result substantiating the other (Figs.
6A–6C). Preliminary genomic PCR analysis was carried
out using primers ERV61 and ERV42. Once again, posi-
ive signals were obtained in the RCR-contaminated pro-
ucer and in cells infected with its supernatant (results
ot shown). Unexpectedly, a positive result was obtained
lso in the GP1E86 packaging cell line and its producer
lone ME25. These cells were still positive after 3 weeks
f culture in HXM media, which selects specifically for
he packaging functions. Additional PCR was carried out
sing primers ERV91 with either ERV42 or ERV122, ver-
ifying this result (Fig. 6A), and this was also confirmed by
RT–PCR (Fig. 6B). Sequencing of the PCR product ob-
1 2
FIG. 5. Northern (A) and Southern (D) analysis confirming presence
using primers ERV21 and ERV42). b-Actin was used as a control for th
panning the neomycin resistance gene indicate the presence of the M
he env recombinant (3.9 and 2.9 kb) and the MFG-S-Neo vector (2.9 an
TR was used to digest genomic DNA. Lane order for A–C: Lane 1, GP
and 6, MA109; lane 7, FLYRD18**; lane 8, FLY-MFG-S-Neo***; lan
upernatant; lane 12, NIH3T3-Neo; lane 13, NIH3T3-Neo infected with M
rder for D and E: Lane 1, NIH3T3; lane 2, NIH3T3 infected with MA10
M12-pBabeNeo; lane 7, MA109; lane 8, FLYRD18; lane 9, FLY-MF
upernatant; lane 12, NIH3T3-Neo infected with MA109 supernatant.
ector (Morgenstern and Land, 1990). **Packaging cell line based on
995). ***Producer line generated by infection of FLYRD18 with superntained with ERV9 and ERV4 revealed complete homol-
ogy with MoMLV, indicating that recombination must
T
vhave occurred between the pgag-polgpt and penv con-
structs in the GP1E86 packaging cell line.
This result was substantiated and extended to the gag
region by nested PCR, the first step amplifying from the
59 LTR to the 39 LTR using primers RV150 and ERV132
and the second step amplifying from gag to env with
primers ERV111 and ERV42. This was necessary as the
irst step primers amplified the MFG-S-Neo vector, in
ddition to the large number of recombinants present in
A109 and cells infected with its supernatant. The re-
ults are shown in Fig. 6C. It is very clear from this
nalysis that an LTR-gag-pol-env-LTR structure is
resent in GP1E86 and ME25, in the amphotropic pro-
ucer clone MA109, and in cells infected with its super-
atant. Supernatants from GP1E86 and ME25 are con-
istently negative for RCR by marker rescue assay.
env recombinant using a 1.2-kb MoMLV env probe (generated by PCR
nce of RNA (B). Northern (C) and Southern (E) analysis using a probe
eo retroviral vector. Spliced and unspliced forms are indicated for both
). The restriction enzyme NheI that cuts in the U3 region of the MoMLV
lane 2, ME25; lane 3, GP1envAM12; lane 4, AM12-pBabeNeo*; lanes
IH3T3; lane 10, NIH3T3-lacZ; lane 11, NIH3T3 infected with MA109
pernatant; lane 14, NIH3T3-Neo infected with MA109 supernatant. Lane
rnatant; lane 3, GP1E86; lane 4, ME25; lane 5, GP1envAM12; lane 6,
o; lane 10, NIH3T3-Neo; lane 11, NIH3T3-Neo infected with ME25
nvAM12-based producer cell line containing the pBabeNeo retroviral
human cells containing the cat virus RD114 envelope (Cosset et al.,
rom MA109.of the
e prese
FG-S-N
d 1.9 kb
1E86;
e 9, N
E25 su
9 supe
G-S-Ne
*GP1eherefore it may be concluded that this full-length retro-
iral-like structure in GP1E86 is devoid of a packaging
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176 GARRETT ET AL.signal and relies on residual packaging to be transferred
to a target cell. These results suggest that recombination
occurred between pgag-polgpt and penv during the con-
struction of GP1E86, probably following cotransfection
of these plasmids. Such an event has been documented
previously in an SNV-based split function packaging cell
line (Martinez and Dornburg, 1996). Although the con-
structs in this latter study contained a larger region of
homology than that of pgag-polgpt and penv in GP1E86,
the probability of recombination following cotransfection
is similar (Bandyopadhyay et al., 1984).
GP1E86 cells should not possess a full 39 LTR and
therefore the nested PCR results described above were
surprising for this fact alone. However, for the GP1E86
cells, the first step primers also yielded some additional
surprising results. A band was present at approximately
4.6 kb and PCR using primers RV150 with either ERV12
or RV116 confirmed the presence of this band (Fig. 7A). A
second band of about 2.6 kb was also obtained using
RV150 and RV116 and is the size expected for the penv
onstruct as described by Markowitz et al. (1988a). Clon-
FIG. 6. (A) Genomic PCR analysis using primers ERV91 and ERV122
HXM media for 3 weeks; lane 4, ME25; lane 5, GP1envAM12; lane 6, M
lane 9, NIH3T3-Neo; lane 10, NIH3T3-Neo infected with ME25 supernata
(B) RT–PCR analysis using primers ERV91 and ERV122. Lane 1, pEMBL-
ane 6, NIH3T3-Neo infected with ME25 supernatant; lane 7, NIH3T3-N
CR using second step primers ERV111 and ERV42 (first step primers w
ells; lane 3, GP1E86; lane 4, ME25; lane 5, GP1envAM12; lane 6, M
ane 9, NIH3T3-Neo infected with ME25 supernatant; lane 10, NIH3T3-
econd step PCR blank.ng and sequencing of the larger 4.6-kb band confirmed
he presence of the penv construct and showed thatdditional sequences were present at its 39 end preced-
ng a full 39 LTR (Fig. 7B). This explained the two bands
4.6 and 2.6 kb) observed with primers RV150 and RV116.
hese sequences were shown to correspond to substan-
ial portions of pBR322, a segment of the MoMLV gag
egion, and a promoter region, in various orientations. As
he penv vector is based on pBR322, this would suggest
cloning artifact that integrated together with penv and
gag-polgpt. This is supported by the fact that some of
he short regions of homology between the adjoining
equences correspond to restriction enzyme sites (Fig.
B).
Southern analysis and hybridization with the ecotropic
nvelope probe reveals the 4.6-kb band (Fig. 5D) and
nother band of approximately 4 kb. This 4-kb band,
hough larger than the size expected for the penv con-
truct in GP1E86, may correspond to this, as the NheI
ite at the end of the 39 LTR segment was eliminated
during its cloning and construction (Markowitz et al.,
1988a). Hence it is possible to speculate that there are
two penv constructs in the parental GP1E86 packaging
s 1 and 13, pEMBL-Taq; lane 2, GP1E86; lane 3, GP1E86 selected in
lane 7, NIH3T3 cells; lane 8, NIH3T3 infected with MA109 supernatant;
11, NIH3T3-Neo infected with MA109 supernatant; lane 12, PCR blank.
e 2, NIH3T3 cells; lane 3, GP1E86; lane 4, ME25; lane 5, NIH3T3-Neo;
ted with MA109 supernatant; lane 8, PCR blank. (C) Results of nested
150 and ERV132). Lane 1, l DNA digested with HindIII; lane 2, NIH3T3
ane 7, NIH3T3 infected with MA109 supernatant; lane 8, NIH3T3-Neo;
fected with MA109 supernatant; lane 11, first step PCR blank; lane 12,. Lane
A109;
nt; lane
Taq; lan
eo infec
ere RV
A109; lcell line, the larger of which has not been previously
described. The presence of a 39 LTR in GP1E86 results
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p
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177RCR IN A GP1envAM12-DERIVED PRODUCER CELL LINEin greater homology with MFG-S-Neo or any retroviral
vector based on MoMLV, thus increasing the chance of
recombination and the production of RCR.
To date, few research groups have reported the pres-
ence of contaminating RCR in murine-based retroviral
producer cell lines, and these have been mainly associ-
ated with earlier generations of the packaging cell lines
(Muenchau et al., 1990; Otto et al., 1994; Scarpa et al.,
1991; Bodine et al., 1990). There is only one other report
that characterizes the events leading to the production of
RCR in a third-generation GP1envAM12-based producer
cell line (Chong et al., 1998). This study revealed that
recombination had occurred between the retroviral vec-
tor, the penvAM amphotropic envelope construct in
GP1envAM12, and endogenous retroviral sequences in
these NIH3T3-based cells. These recombination events
occurred in the producer cells during a 3-week period of
culture. In our study, a complex array of recombination
events led to the production of RCR. While it is difficult to
pinpoint the exact trigger for its generation, the ecotropic
producer line generated by transfection of MFG-S-Neo
consistently led to the production of RCR in the ampho-
tropic producer line. The high copy number of the MFG-
S-Neo vector in the ecotropic producer clone together
with a previously unidentified env construct are factors
that may have contributed to the production of this RCR.
This emphasizes the importance of thorough character-
FIG. 7. Characterization of GP1E86 cells by PCR on genomic DNA.
ith HindIII; lanes 2, 4, and 6, GP1E86; lanes 3, 5, and 7, PCR blanks
rimers RV150, ERV12; lanes 5 and 6, primers RV150 and RV116. (B) S
9 ends of region 1 were sequenced and showed 100% homology to th
and homologous nucleotides are shown in bold. Uppercase letters refization of retroviral packaging cell lines following their
construction.In recent years many laboratories have moved away
from using murine-based packaging cell lines and
started to use those based on human cells (Kinsella and
Nolan, 1996; Cosset et al., 1995). The probability of ob-
taining RCR is reduced, as not only do these packaging
lines contain fewer endogenous retroviral sequences but
also the viral packaging constructs have been modified
to minimize areas of potential recombination with retro-
viral vectors. It is important to note that in our study all of
the recombination events identified involved the helper
constructs in the packaging cell line and the introduced
retroviral vector. Improvements to reduce homology be-
tween these elements may prevent similar events occur-
ring in the future. Our findings highlight the importance of
regular safety testing of retroviral producer lines used in
laboratory and clinical situations and hopefully will lead
to increased vigilance by researchers using these lines
on a regular basis.
MATERIALS AND METHODS
Packaging cell lines and retroviral vectors
Ecotropic and amphotropic packaging cell lines,
GP1E86 (Markowitz et al., 1988a) and GP1envAM12
(Markowitz et al., 1988b), respectively, were obtained
from Genetix Pharmaceuticals Inc. (Cambridge, MA). The
retroviral vector MFG-S-Neo (Somatix Therapy Corp., Al-
analysis with primers in the 59 and 39 LTRs. Lane 1, l DNA digested
, 1-kb ladder. Lanes 2 and 3, primers RV150, ERV132; lanes 4 and 5,
e analysis of 4.6-kb band present in A, lanes 2, 4, and 6. The 59 and
tamase gene of pBR322. Restriction enzyme sites are shown in italics
e sequence of each junction. Refer to text for further details.(A) PCR
; lane 8
equencameda, CA) contains the neomycin phosphotransferase
(neo) gene under the transcriptional control of the
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178 GARRETT ET AL.MoMLV LTR (Fig. 1D). MFG-S-Neo was transfected by
calcium phosphate precipitation into GP1E86 and the
resulting ecotropic producer cell line was cloned follow-
ing selection in G418 (700 mg/ml active concentration,
ibco BRL, Life Technologies Ltd., Paisley, UK). Super-
atant from the highest titer clone, ME25, was used in
hree rounds of infection of GP1envAM12 cells. This was
loned in turn, generating clone MA109, with a titer of
3 107–1 3 108 colony-forming units (CFU)/ml on
IH3T3 cells.
ulturing of cell lines
NIH3T3, HeLa, and 293 cells were grown in Dulbec-
o’s modified Eagle’s medium (DMEM; Gibco BRL) sup-
lemented with 10% fetal calf serum (FCS, Harlan Sera-
ab Ltd., Belton Loughborough, UK). GP1E86 and
P1envAM12 were cultured according to conditions de-
cribed previously (Markowitz et al., 1998a,b). Selective
edia for these packaging cell lines have also been
escribed (Markowitz et al., 1988a,b).
etection of RCR
Supernatants from retroviral producer cell lines were
creened for the presence of RCR using a marker rescue
ssay (Markowitz et al., 1988b). In brief, primary super-
atant was used in duplicate to infect NIH3T3 cells
arboring a single copy of a neo-containing provirus
NIH3T3-neo). These cells were cultured continuously for
weeks in nonselective media to allow amplification of
he RCR. At the end of this period, secondary superna-
ant was harvested from these cells and tested for res-
ue of the neo gene by infection of virgin NIH3T3 cells.
fter 48 h the cells were placed in selection with media
ontaining G418 (700 mg/ml active concentration). G418-
esistant colonies indicated the presence of contaminat-
ng RCR in the primary supernatant. NIH3T3 cells har-
oring a provirus containing the b-galactosidase gene
(NIH3T3-lacZ) were also used to confirm a positive re-
sult. In this case rescue of the lacZ gene was detected by
histochemical staining for b-galactosidase expression,
s described previously (MacGregor et al., 1991). Control
upernatants from NIH3T3 cells and NIH3T3-neo cells
ere used in each assay.
eceptor interference assay
To determine the tropism of the RCR, secondary su-
ernatants from the marker rescue assay were used to
nfect GP1E86 or GP1envAM12. NIH3T3, 293, and HeLa
ells were also infected as controls for the experiment.
fter 48 h the cells were placed in selection with media
ontaining G418 (700 mg/ml active concentration).
PCR analysisThe positions of the primers used in PCR analyses are
represented in Fig. 1. For PCR products less than 2 kb,PCR was carried out using a standard Taq polymerase
from Boehringer-Mannheim Ltd. (Lewes, UK). In general,
the composition of the reaction was 13 Taq polymerase
buffer with 1.5 mM MgCl2 (Boehringer-Mannheim Ltd.),
250 mM each dATP, dCTP, dGTP, and dTTP, 0.25 mM each
ense and antisense primer, and 0.025 U/ml Taq poly-
merase (Boehringer-Mannheim). Thermocycling condi-
tions for the first step reaction were 30 cycles of dena-
turation at 95°C for 30 s, annealing at 64°C for 50 s, and
extension at 72°C for 2 min, followed by a final 10-min
extension at 72°C. For longer PCR products, the Advan-
tage Genomic Polymerase Mix (CLONTECH Laborato-
ries UK Ltd., Basingstoke UK) was used and PCR reac-
tions were carried out as recommended by the manu-
facturer. Ten microliters of the PCR products was
visualized by electrophoresis through ethidium bromide-
stained agarose gels. PCR amplification of the human
ABL gene was performed as described elsewhere to
confirm the presence of amplifiable genomic DNA (Melo
et al., 1994). PCR controls where water was added in-
stead of template were performed during each setup.
RT–PCR was carried out as described by Diamond et
al. (1995). Primers specific for the human ABL cDNA
were used to verify the integrity of the cDNA (Diamond et
al., 1995). The Advantage cDNA Polymerase Mix (CLON-
TECH Laboratories UK Ltd.) was used to amplify large
RT–PCR products, according to the manufacturer’s in-
structions.
Cloning of PCR products was achieved using the
pCR2.1 TA cloning vector from Invitrogen (Groningen, The
Netherlands). Cloning was performed in triplicate from
three independent PCR reactions. Automated fluores-
cent DNA sequence analysis using M13 primers was
carried out by the Advanced Biotechnology Centre (Lon-
don, UK).
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